Abstract: Follicular lymphoma (FL) is the 2nd most common type of lymphoma diagnosed in the Western World. Bone marrow (BM) involvement is an adverse prognostic factor in FL, routinely assessed by an arbitrary biopsy of the iliac crest. This study was aimed to investigate the role of positron emission tomography/computed tomography (PET/CT) in identifying BM involvement by FL.
INTRODUCTION
F ollicular lymphoma (FL) is the 2nd most common nonHodgkin lymphoma diagnosed in adults. Overall, it accounts for about 20% of all non-Hodgkin lymphoma and 70% of indolent lymphomas worldwide. The clinical evolution of FL is highly variable in terms of presentation, clinical course, and response to treatment. Although some patients enjoy prolonged uneventful observation periods (watchful waiting), and some achieve long-term remissions, others experience recurrent disease relapses and histologic transformation to aggressive lymphomas which occurs at a rate of 3% per year. Therefore, identifying patients at risk of aggressive clinical course and adjusting treatment strategies accordingly is of major interest in FL. Disease extension is an adverse prognostic factor, which is included in prognostic indexes, such as the FL International Prognostic Index (FLIPI), and is relevant to therapeutic approach.
Bone marrow involvement (BMI) can be detected at presentation in up to 70% of patients with FL, whereas involvement of other extranodal sites is infrequent. Determining BMI is important in the staging of lymphoma as it signifies advanced disease. A bone marrow biopsy (BMB) taken arbitrary from the iliac crest is the routinely used procedure for determining BMI and is still an integral part of FL clinical staging, at both diagnosis and relapse. However, BMB has poor sensitivity due to sample size and sample error as BMI may be patchy, 1 and the procedure might be complicated by pain, bleeding, or infection. 2 Fluorine-18-fluro-deoxyglucose positron emission tomography/computed tomography (FDG-PET/CT) has recently emerged as a powerful imaging tool for initial staging, response assessment, and follow-up in patients with diffuse large B-cell lymphoma and Hodgkin lymphoma. 3, 4 PET/CT efficiency in staging low-grade lymphoma varies depending on histology. [5] [6] [7] [8] Its sensitivity seems high in FL 9 and it can identify nodal and extranodal sites of disease overlooked by standard CT. 10, 11 PET/CT is also a useful prognostic tool in patients with FL, patients with a negative post-treatment PET/ CT were reported to have better outcome than patients with FDG-avid residual disease. [11] [12] [13] [14] Despite FDG avidity of FL, it was only recently that PET/CT was introduced to routine staging of FL. 4 The role of PET/CT in detecting BMI and its ability to replace BMB in the staging of patients with lymphoma are still not fully determined (reviewed in Adams et al 15 ). El Galaly et al 16 have reported that in PET/CT-staged patients with Hodgkin lymphoma, of whom 6% had BMI, BMB up-staged 5 out of 454 patients. However, BMB results have not changed the allocated treatment in none of the patients, probably as all patients with positive BMB had advanced disease, irrespective of the BMB results. In patients with diffuse large B cell lymphoma, PET/CT was reported to detect all cases of BMI while BMB did not up-staged any of the patients. 17, 18 Yet, other studies suggest that the sensitivity of PET/CT in detecting BMI is low (68.8%) and that only a biopsy-proven BMI has prognostic value.
19-21 Le Dortz et al 11 studied the usefulness of PET/CT in staging and prognosis evaluation in 45 patients with untreated FL and reported that PET/CT was far more sensitive than CT for detecting BMI. In other types of lymphoma, it was suggested that the value of PET/CT in detection of BMI vary according to the type of lymphoma. 22 Here, we specifically evaluated the diagnostic accuracy of PET/CT for detecting BMI in patients with FL, at diagnosis and at relapse.
METHODS
In this retrospective, single-center study we reviewed the records of consecutive patients with FL at diagnosis or relapse who underwent staging/restaging workup at the hematology institute during January 2005 to April 2013. Most patients with newly diagnosed FL and all patients with intent-to-treat FL underwent FDG-PET/CT and a BMB. The inclusion criteria were patients older than 18 years with FL diagnosed on biopsy of a nodal or extranodal lesion, and for whom a BMB and F 18 -FDG PET/CT results were available. Exclusion criteria were patients with known concomitant malignancy and those for whom more than 14 weeks had passed between BMB and FDG-PET/CT (12 cases were excluded, Figure 1 ). The study was approved by the local institutional ethics committee and written informed consent was waved.
Bone Marrow Biopsy
BMBs were performed by a unilateral puncture of the posterior iliac crest using a T-lock bone marrow biopsy needle (Angiotech, FL). The BM biopsies were evaluated by a single, experienced hematopathologist (JB). The diagnosis of indolent FL (grade 1, 2, 3a) was according to the WHO 2008 criteria. 23 
FDG-PET/CT Acquisition
Patients were asked to fast for at least 4 hours before undergoing the examination. All patients had glucose levels below 150 mg/dL. The patients received an intravenous injection of 370 to 666 MBq (10-18 mCi) of 18 F-FDG. Data acquisitions were performed 60 to 120 minutes after injection using an integrated in-line PET/CT system (Discovery 690; GE Medical Systems, Milwaukee). Data acquisition was as follows: CT scanning was performed first followed by PET scan with acquisition time of 4 minutes per each table position. PET image datasets were reconstructed iteratively by using CT data for attenuation correction, and coregistered images were displayed on a workstation (Xeleris, GE, Haifa, Israel).
FDG-PET/CT Uptake Analysis
An experienced reader (HLS), who was blinded to BMB results, patients' clinical parameters and outcome, evaluated all FDG-PET/CT images for the presence or absence of BMI. BM uptake was categorized as: no increased uptake, diffusely increased uptake, and focally increased uptake. BM-mean standardized uptake value (SUV mean ) and maximum standardized uptake value (SUV max ) were measured in all study patients at the posterior aspect of the iliac bones bilaterally. In patients with focally increased uptake, the latter was also measured at that specific location. BM-SUV at the iliac bone or focal site of uptake was obtained 3 times and the mean value of these measurements was recorded. SUV values of nodal sites of disease were also obtained.
Statistical Analysis
We compared continuous variables between groups using the student t-test and analysis of variance. We used the Fisher exact test and the Chi-square test to compare categorical variables. To identify the utility of uptake intensity measurement for predicting BMI we used the receiver operator curve (ROC) method. We report the area under the curve (AUC) and the cut-off values that maximize the positive predictive value (PPV) for ruling-in BMI and the cut-off values for maximizing the negative predictive values (NPVs) for ruling it out. We performed survival analysis using the Kaplan-Meier method for binary variables and the Cox proportional hazard method for continuous variables. To derive optimal uptake intensity cut-off values for predicting survival we used the survival ROC method as implemented in R. Cut-off values with optimal PPV were chosen. Overall survival was defined as the time from diagnosis until death or censoring. Time to treatment was defined as the time from diagnosis until treatment, death, or censoring.
Statistical analysis was performed using SPSS (IBM, NY) and R (R Foundation for Statistical Computing, Austria).
RESULTS

Patient Characteristics
We analyzed 68 PET/CT studies performed concomitantly with BMB in 64 patients with FL (Table 1) . Fifty six patients were evaluated at 1st presentation (1st staging), 4 at relapse (2nd staging), and 4 at both 1st presentation and relapse. Median age of the study population was 60 years (range; 22-83 years).
According proven or PET-FDG-based identification of BMI (Table 2) . Notably, all 3 cases had additional extranodal sites of disease and were designated as stage IV disease irrespective of BMI. Two patients with a nodal biopsy of FL were excluded from this study after BMB revealed involvement with large cells consistent with transformation to diffuse large B cell lymphoma. Mean BM uptake intensity in these patients were 6.0 and 8.5, while the maximal value observed in our cohort was 6.
Visual Assessment
Visual assessment of increased BM FDG uptake was detected in 33 cases. Of these, BM uptake was diffuse in 25 cases (36.8%), multifocal in 6 cases (8.8%), and unifocal in 2 cases (2.9%). Figure 2 illustrates focal and diffuse pattern of uptake associated with marrow involvement. All 13 patients with histologically confirmed BMI had BM disease identified by PET/CT, consisting of a diffuse (61.5%, n ¼ 8), multifocal (30.8%, n ¼ 4), or unifocal (7.7%, n ¼ 1) uptake pattern. Of the 3 patients with BMI based on increased FDG uptake but negative BM biopsy: 2 had a multifocal and 1 had a unifocal uptake pattern. Additional 17 patients had falsely increased diffuse BM uptake, with no BMI (either histological or decreased posttreatment uptake). Thirty five cases had normal BM uptake and none of these were found to have BMI. Accordingly, visual assessment of BMI by PET/CT in patients with FL had an NPV of 100% and a PPV of 48.5%.
Bone Marrow FDG Uptake Intensity
In this cohort, the median values of the mean and maximal SUV measured in the BM were 1.60 (0.4-6) and 1.9 (0.5-12.8), respectively, compared to SUV mean of 7.4 (0. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] and SUV max of 8.8 (0.6-28.4) in nodal areas. BM uptake intensity was significantly higher in patients with BMI as compared to patients with no BMI (SUV mean of 3.7 [1.7-6] vs 1.4 [0.4-2.65, respectively, P < 0.001, Figure 3A) . No association was noted between nodal uptake intensity and BMI (nodal SUV max of 11.1 [4.58-21] vs 8.49 [0.6 AE 28.4], respectively P ¼ 0.156). Mean BM uptake intensity had an AUC of 0.967 for identifying BMI, while BM SUV max had a lower AUC of 0.944, mainly due to inferiority in ruling out BMI. Using an ROC curve analysis, SUV mean greater than 2.7 had a PPV of 100% (11/11) for BMI and a sensitivity of 68% (11 of 16 cases). Reducing the threshold to 2.5 had a PPV of 93% (13/14) and a sensitivity of 81% (13 of 16 cases). SUV mean lower than 1.7 had an NPV of 100% and specificity of 73% for cases without BMI. Namely, BM SUV mean greater that 2.7 was synonymous with BMI, while mean SUV of less than 1.7 ruled out BMI by FL.
Next, we performed that analysis including the 3 discordant cases with negative BMB and positive BMI per PET/CT as ''false positives.'' In this analysis, an SUV uptake greater than 2.7 resulted in a PPV of 82%, a sensitivity of 69%, and an AUC of 0.93, while an SUV uptake of less than 1.7 retained its 100% NPV for BMI. In addition, reanalysis after excluding the 3 cases altogether resulted in similar findings to those reported for the entire cohort (data not shown).
Correlation Between Bone Marrow FDG Uptake Intensity and Clinical Outcome
Sixty patients were evaluated at presentation and were included in the survival analysis. Median follow-up time for this cohort was 45.8 (range 0.2-120 months). Forty seven patients were treated for their lymphoma. Median time to treatment in patients with BM uptake intensity greater than 2.7 was 1.6 versus 7 months in patients with BM uptake intensity of 2.7 or lower (P ¼ 0.02) ( Figure 3B ). No association was found between FDG uptake intensity and the risk of relapse.
DISCUSSION
The role of PET/CT in predicting BMI in FL and whether it is sufficiently accurate to render BMB unnecessary in the staging procedure is still under investigation. In the current study, PET/CT was found to be accurate in detecting BMI in patients with FL. Visual interpretation of PET/CT correctly identified all patients with BM disease. None of the patients with a negative PET/CT had a positive BMB, suggesting that the NPV of PET/CT for BMI with FL is excellent. Detection of High uptake intensity seemed to be associated with a more aggressive-natured disease. High mean BM uptake intensity was associated with significantly shorter time to treatment, compared to patients with lower BM uptake intensity. Two patients were excluded from this study after BMB revealed transformation to diffuse large B cell lymphoma. Mean BM uptake intensity in these patients reached or exceeded the maximal value observed in our cohort, suggesting that excessively high BM FDG uptake intensity in patients with FL should be suspected for large cell transformation and probably be further investigated by BMB.
Our study has 2 limitations that span beyond its retrospective nature. First, of the 68 subjects included in the analysis only 16 had BMI. However, previous studied that addressed PET/CT evaluation of BMI by FL also had to draw conclusions from a relatively low number of patients with BMI. 11, 25 The second limitation is that of the 16 cases of BMI, 3 cases were not confirmed by biopsy, but rather were deduced according to a considerable decline in FDG uptake following chemotherapy. It is known that when only BMB is used as reference standard for BMI, lesions located outside the iliac crest can be missed and result in erroneous interpretation of PET/CT as false positive. 26 Previous studies have used follow-up PET scans trying to overcome this problem in patients with aggressive lymphoma, considering FDG-avid BM lesions at baseline as true-positive if these lesions disappeared after therapy. 27 Interestingly, all 3 patients had extended disease with additional extranodal sites of involvement, already designating them as stage IV disease, thus, BMI identified by PET/CT did not up-staged any of these patients. This supports the notion that BMI detected by PET/CT in these patients was not false but probably missed by BMB.
In conclusion, the results of this retrospective study suggest that normal appearing marrow on visual assessment of PET/CT rules out BMI in patients with FL with a high degree of certainty. Focal increased marrow uptake accurately identifies BMI while diffusely increased uptake is nonspecific with a relatively high false positive rate. Quantitation of FDG uptake intensity improves PET/CT diagnostic accuracy: BM SUV mean below 1.7 may spare the need for BMB while BM SUV mean of above 2.7 should be considered compatible with BMI, though BMB may still be recommended to exclude large cell transformation.
